ABSTRACT: LiNbO 3 (LN) and LiTaO 3 (LT) materials of polar crystal structure exhibit a spontaneous polarization that can be changed by temperature. This phenomenon, commonly known as the pyroelectric effect, leads to the generation of surface charges that in turn are the source for a pyroelectrocatalytic or pyroelectrochemical activity of these materials described in this paper. It can also be regarded as a selective conversion of thermal via electrical to chemical energy based on the pyroelectric effect. In this context, we have investigated the impact of thermally excited pyroelectric LN and LT nano-and microcrystalline powder materials on the bacterium Escherichia coli in aqueous solutions. Powders have been prepared both by milling of commercially available single crystals and by precursorbased solution routes. Our results show that in dependence on the crystallite size and surface area of the pyroelectric particulate material in direct contact with the cells and/or their culture solution, a high antimicrobial activity can be achieved. On the basis of further experimental results of oxidative conversion of the fluorescent dye 2′,7′-dichlorofluorescin, a disinfection mechanism including the formation of reactive oxygen species at the pyroelectric particle surface is proposed. The phenomenon is discussed in analogy to the well-established photocatalytic disinfection mechanism.
■ INTRODUCTION
In recent years the demand for environmentally friendly physical disinfection methods has considerably risen, since on the one hand (waste) water treatment, air purification, selfsterilization, and infection prevention have gained more and more importance and on the other hand an increasing awareness of climate and environment protection has evolved in the global community. In this context, several advanced oxidation processes like UV or photocatalytic disinfection methodswith the latter using oxide semiconductors such as TiO 2 under illuminationare already in the state of technological application in most of the aforementioned fields.
1−5 Photoexcited TiO 2 -based catalysts are able to form reactive oxygen species (ROS) (e.g., hydroxyl radicals by reaction of the photoexited holes with water, h + + H 2 O →
• OH + H + , and hydroperoxide radicals by reaction of photoelectrons with oxygen, e − + O 2 + H + →
• OOH) which can mineralize most organic materials and destroy living microorganisms. 6 Another comparably new approach is based on high (pulsed) electric fields (on the order of 40 kV/cm) that irreversibly perforate the cell membrane and thus destroy a microorganism. 7, 8 Hereby the electrodes are arranged outside the reaction chamber in order to avoid ionic compensation as well as electrochemical reactions that would considerably reduce the resulting electric field strength. A low-energy thermally activated disinfection method, as introduced in this paper, has some benefits or could at least be a useful complement to photoactivated or pulsed electric field based methods, since one could effectively use residual heat from numerous processes and also operate in the dark.
It is well-known that a heterogeneous catalytic reaction can be promoted by several approaches altering the electrostatic conditions at the catalyst surface, including long-range electrostatic fields. 9−11 On the other hand, the overpotential of an electrochemical reaction can be reduced by appropriate modification of the electrochemically active electrode surface, which is commonly known as electrocatalysis. It is also worth recalling that a heterogeneous catalytic system, where an electrified interphase is formed by the charge transfer from the catalyst to the reacting phase, has to be considered as an electrochemical system, too. 12 In the light of this, a material with electrochemical or catalytic properties that can be activated or altered by an intrinsically developed surface potential evoked by external excitation would be of great interest.
One possibility of generating a charged surface is to apply a mechanical stress to a piezoelectric material. It was shown recently that following this approach an electrostatic potential large enough to facilitate electrolysis of water molecules can develop even in liquid phase. 13 Applying ultrasonic vibration to piezoelectric, substrate-supported, fibrous ZnO and dendritic BaTiO 3 materials generated H 2 and O 2 in stoichiometric ratio. The authors have termed this phenomenon the piezoelectrochemical effect. Since it converts mechanical energy directly into chemical energy, it may have a huge potential for application in future energy-scavenging technology, especially by generating "clean" hydrogen. 14 An alternative approach to generate a surface charge based on the bulk photovoltaic effect has been reported. 15 Thereby irradiation of donor-doped LiNbO 3 (LN) crystals with photons of sub-band-gap, donor-adapted energy results in an asymmetric charge carrier generation and subsequent formation of oppositely charged surfaces due to charge carrier transport and accumulation. Dipolar fields with field strengths up to 100 kV/ cm that are able to irreversibly perforate the membrane of living cells can develop. The authors used this effect to effectively kill tumor cells in vitro.
Besides the piezoelectric and bulk photovoltaic effect, the pyroelectric effect can also be addressed to generate a charged surface. Hereby a surface charge σ = ΔP s (with the spontaneous polarization P s ) develops in response to a temperature change ΔT. LN and LiTaO 3 (LT) are ferroelectric materials that beside piezoelectric and photorefractive properties also show a pronounced pyroelectric behavior. 16 Compared to other commonly used pyroelectrics, like triglycine sulfate, barium titanate, and lead-based titanates or germanates, the combination of several material properties and technological aspects makes LN and LT favorable for application in environmental technology. They are widely available, nontoxic, and insoluble in water, and their polarization is highly stable, even in unidirectional poled materials at the nanometer scale. For the pyroelectric coefficient p = dP s /dT, different values ranging from −85 to −50 μC/m 2 K (LN) and −230 to −176 μC/m 2 K (LT) are reported in the literature. 17−19 Traditional applications in nonlinear optics and in surface acoustic wave technology are solely based on the bulk properties of LN and LT. 20, 21 However, in the last few years their microscopic surface properties, including chemical redox activity, came into the scientific focus. As an example, the substrate-assisted selfassembly of nanostructures, taking advantage of different redox characteristics at oppositely poled crystal faces or surface domains, was intensively investigated. 22, 23 Several follow up studies were conducted, focusing on understanding the geometric and electronic structure as well as adsorption properties of LN surfaces. 24−31 Also the influence of the polarization direction of a supporting ferroelectric substrate on the (photo)catalytic activity of deposited metal clusters and thin metal or TiO 2 films has been investigated. 32−35 In contrast to the influence of the (static) polarization direction on surface chemistry, only very few investigations have been carried out concerning the influence of (transient) variation of the polarization magnitude as for example induced by the pyroelectric effect. In this context, temperature programmed desorption experiments revealed an effect of the LN polarity on the thermal desorption of various polar molecules, which was attributed to electrostatic interactions of the polar molecules with uncompensated pyroelectric surface charges. 28, 29 Under equilibrium conditions the bound polarization charges at the surface of a pyroelectric material are screened by (mobile) compensation charges that can either be intrinsic charge carriers (e − , h + , charged defects) or extrinsic ionic charges. 36 A temperature rise results in a decrease of polarization magnitude and thus temporarily in an imbalance between decreasing bound polarization charges and at the surface remaining screening charges. This effect is employed in various thermal and infrared sensing applications whereby the pyroelectric potential is converted to a current signal via electrical contacts at opposite surfaces of the pyroelectric component. 37, 38 When the surface is left bare, especially under aqueous conditions, the net charges generated during temperature changes should at least be partly available for redox reactions with molecular species. Furthermore, temporarily huge electrostatic potentials can develop, large enough to provide the necessary activation energy or redox potential to induce a catalytic or electrochemical reaction.
14 When the ionic screening charge availability and mobility in the environment are reduced, e.g., in (diluted) gas atmosphere, the electrostatic field strength becomes large enough to induce direct field ionization of molecular species. This effect is already used for various technological applications, including electron, ion, X-ray, and even neutron emission. 39−43 In this study, we report on the antibacterial and oxidative properties of pyroelectric LN and LT nano-and microcrystalline particles that are thermally excited around ambient temperature. To the best of our knowledge, this represents the discovery of a new phenomenonbriefly termed the pyroelectrocatalytic effectthat anchors in the generation of pyroelectric surface charges and subsequent transfer to adsorbed molecular species at the pyroelectric material surface. It further represents a (pyroelectrochemical) conversion of thermal energy to chemical energy offering an enormous potential in energy-scavenging application based on the conversion of residual heat and naturally or artificially provided temperature variations. Since the efficiency of the pyroelectrocatalytic effectin direct analogy to classical heterogeneous catalytic, photocatalytic, or electrochemical processesis expected to scale with the active surface area, several routes for the preparation of micro-and nanocrystalline LN and LT powder materials are tested. The materials structural, morphological, antibacterial, and oxidative properties are investigated, comprehensively discussed, and finally summarized in a proposal of the underlying microscopic mechanism.
■ EXPERIMENTAL METHODS
Preparation of LN and LT Powder Material. Micro-and nanocrystalline LN and LT powders were prepared both by milling of commercially available single crystals (sc) and by different precursor-based solution routes. For LN-sc and LT-sc powder samples, single crystals of LN and LT (supplied by CrysTec) were crushed by hand with a corundum mortar and pestle and afterward high-energy ball milled using a vibration mill (Pulverisette 0, Fritsch) with corundum mortar and a single corundum ball of 50 mm in diameter. The weight ratio of powder to ball was about 1:25. Milling was conducted in air atmosphere and the vibration amplitude was set to 2.5 mm. Depending on the initial weight and mean crystal size in the fragmented single crystal material after crushing, milling times of 6 h and more were necessary to obtain a powder of solely sub-millimeter-sized particles that could be used for fractionation. Three different fractions of LT and LN single crystal powder with nominal particle sizes of <5, 5−10, and 10−15 μm were gained by wet sieving the as-milled powder with distilled water using a vibration siever (Analysette 3, Fritsch) equipped with Ni microsieves of different mesh sizes. The aqueous powder suspensions were heated on a hot plate at moderate temperature for several hours until complete vaporization of water. The remaining powders were used without further drying.
For solution preparation of LN powder materials three routes and for LT powder materials two routes were tested using different niobium and tantalum precursors, respectively (see Table 1 for comparison). All used chemicals were supplied by Sigma-Aldrich and employed without further purification. For LN-1, 2.66 g (0.01 mol) of Nb 2 O 5 , 1.32 g (0.02 mol) of LiAc, and 60 mL of glacial acetic acid were refluxed for 6 h. After vaporization of the solvent, the solid material was annealed at a temperature of 600°C for 2 h. The same route was applied for LT-1, except that the Nb 2 O 5 precursor was replaced by 4.42 g (0.01 mol) of Ta 2 O 5 . For LN-2 a route after Wang et al. 44 was chosen, where 0.66 g (0.01 mol) of LiAc in 10 mL of water was mixed under stirring with 2.7 g (0.01 mol) of NbCl 5 in 30 mL of H 2 O 2 (30%) and 6.3 g (0.03 mol) of citric acid. The mixture was heated up to 80°C and the formed viscous gel was dried at 60°C for 15 h. Afterward, the dried material was annealed at 600°C for 5 h. The same route was applied for LT-2, except that the NbCl 5 precursor was replaced by 3.58 g (0.01 mol) of TaCl 5 . The powder LN-3 was prepared by mixing 0.66 g (0.01 mol) of LiAc in 10 mL of acetic acid (50%) with 3.03 g (0.01 mol) of ammonium niobate oxalate [(NH 4 )NbO(C 2 O 4 )·H 2 O] in 30 mL of water and refluxing for 6 h. The obtained precipitation was annealed at 600°C for 2 h. In order to increase the active surface area after the final annealing process, all five solution-prepared granular materials were ball milled under the same conditions as the single crystal material but for a shorter duration of only 30 min. The powder to ball weight ratio was on the order of 1:250. From solutionprepared materials only powder fractions of nominal particle size <5 μm, which were analogous to the single crystal powders obtained by wet sieving and vaporization of water, were used for further experiments.
Structural and Morphological Characterization. The crystalline powder materials were characterized using X-ray diffraction (XRD) and Rietveld analysis of the obtained diffraction patterns. The patterns were recorded in BraggBrentano geometry using Cu Kα radiation with an X-ray diffractometer D8 (Bruker AXS) equipped with a secondary graphite (003) monochromator and scintillation detector. In order to identify the crystalline phases present in the samples, the PDF-2 45 53 in order to determine the mean crystallite sizes and specific mass fractions of the phases present in the samples. X-ray emission profile and instrumental parameters of the diffraction experiment were determined beforehand by analyzing the diffraction pattern of a silicon standard powder (NIST SRM 640c). The reflection profiles in the diffraction patterns were analyzed using a fundamental parameters approach convolution algorithm that includes the refinement of the full width at half-maximum of a Gaussian profile to account for sampleinduced diffraction line broadening. 54 Compensating texture effects with spherical harmonics was necessary for almost all samples, excluding LN-1. Furthermore, the refinement model employed a third-order polynomial background curve and isotropic Debye−Waller factors. Strain or microstrain was not taken into account since it yielded unrealistic high strain values and mean crystallite sizes contradicting the particle sizes estimated from scanning electron microscopy (SEM) measurements. Converged refinement of these models resulted in R wp and goodness-of-fit values ranging from 9.2 to 15.25% and 1.08 to 1.27, respectively. Since serial correlation effects of parameters refined during Rietveld analysis cannot be excluded, the standard deviations of the mean crystallite size and mass fractions of target and impurity phases were corrected using the program RIET-ESD 55 based on the algorithm given by Berar and Lelann. 56 The powder sample morphology was investigated by SEM using a DSM 982 Gemini electron microscope (Zeiss). The dry crystal powder samples were mounted on carbon pads and carbon-coated before insertion into the microscope. For the electrons an acceleration voltage of 5 kV was set at the cathode.
Antimicrobial Activity against Escherichia coli. For all experiments E. coli DSM 498 (ATCC 23716) was cultivated aerobically in nutrient yeast broth (NY) at 37°C while being shook on a rotating platform at 100 rpm for 30 h.
Different LN and LT powder materials were weighed and placed into a reaction tube (1.5 mL) to which 150 μL of a 30-hold E. coli culture was added. The final concentration of powder was 0.3 g mL . For LN and LT powder material from the solution route, causing a pH value above pH 9.5, a 30-h-old E. coli culture was centrifuged. The supernatant was removed, and the cells were washed three times with 0.15 M Tris/HCl buffer pH 7.7 and filled up with 150 μL buffer to obtain the initial powder concentration. To investigate the influence of buffer on antibacterial activity, the same procedure was applied for powder samples from single crystal material LT-sc (<5 μm). pH values of the samples were estimated using standard litmus paper (Macherey-Nagel).
Disinfection experiments were carried out in a Thermoshaker (Thermomixer comfort, Eppendorf) with cyclic alternating temperatures between 20 and 45°C for 6 h maximum and shaking at 600 rpm for mixtures of LN or LT powder and E. coli cells. The T(t) curve of the thermal treatment was measured with a Cu/CuNi thermocouple (tolerance 0.5°C) directly placed into the reaction tube. The shape of one temperature cycle is shown in Figure 1 . The overall duration of one temperature cycle was 32 min within which the sample was kept at a temperature of 45°C for 10 min. The quantification of vital cells was carried out by fluorescent staining with LIVE/ DEAD BacLight (Invitrogen) and cell counting using a fluorescence microscope (Axiovert 200M, Zeiss). Red fluorescence indicates cells that are considered to be dead or dying, whereas cells with an intact membrane are stained green. The relative error of the portion of vital cells was estimated according to the standard deviation of three independent experiments performed with two identical samples and cell counting of three image sections each. The cultivation was monitored by recording growth curves and fluorescent staining. Both have shown that in the period between 30 and 40 h (where the disinfection experiments were performed) the cultivation was in the log phase and the portion of vital cells was above 95%.
ROS-Induced Oxidation of 2′,7′-Dichlorodihydrofluorescin (DCFH).
To investigate the pyroelectric induced formation of ROS in aqueous solutions, the indicator dye DCFH was used. 57, 58 It is oxidized to the highly fluorescent molecule 2′,7′-dichlorofluorescin (DCF) by ROS. The fluorescence intensities correlate with the concentration of ROS.
2′,7′-Dichlorodihydrofluorescin diacetate (DCFH-DA, Sigma-Aldrich) was dissolved in ethanol as stock solution and subsequently diluted in double distilled water to a concentration of 0.24 mM. The deesterification of DCFH-DA to DCFH proceeds in basic milieu. 57, 59 As mentioned above, the pH of solutions containing either LN or LT crystal powder is shifted toward basic pH and hence triggers complete conversion to DCFH. For each sample, 10 mg of LN or LT powder was resuspended in 120 μL of double distilled water, and 30 μL of 0.24 mM DCFH-DA was added. The samples were heated from 20 to 45°C and then cooled to 20°C in a thermoshaker (Thermomixer comfort, Eppendorf) at a heating and cooling rate of 5 K/min. For details of the thermal treatment, see the previous subsection and Figure 1 . In intervals of 3 min, the samples were mixed with 600 rpm for a period of 9 s. This procedure was repeated for 6 cycles. Finally, the samples were centrifuged (8000g, 6 min) and the fluorescence intensity of the supernatants was measured with a fluorospectrometer (Nanodrop ND 3300, ThermoScientific) at wavelengths of 470 and 521 nm for excitation and emission, respectively. The relative error of DCF fluorescence intensity was estimated according to the standard deviation of a series of 10 identical samples of LN-sc (<5 μm) with triplicate measurements each.
■ RESULTS
Structural and Morphological Properties of LN and LT Powders. As can be seen from the SEM images in Figure 2 , asprepared powder fractions LN-sc (<5 μm) and LT-sc (<5 μm) are characterized by a similar morphology. Larger micrometersized particles with sharp edges are agglomerated with smaller nanometer-sized particles. In LT-sc (<5 μm) many more nanometer-sized particles are present, which points to a more effective milling procedure of LT compared to LN single crystals. Particles from solution routes show a spongelike morphology consisting of agglomerated nanometer-sized and more or less spherical particles. In contrast to all other samples from solution routes, the powder LN-1 (Figure 2c ; LT-1 is figure) is characterized by micrometer-sized relatively dense agglomerates of particles with sizes in the range of 100−400 nm. Also some micrometer-sized particles with a smooth surface can be identified, which might represent impurity phases (see XRD results in Figure 2 and Table 2 Figure 2e ) shows an overall similar morphology to that of the powders prepared from single crystals, but the micrometer-sized particles show a high degree of nanoporosity. Table 2 summarizes the results for the mean crystallite sizes and specific phase content according to the quantitative analysis of XRD patterns. Corresponding experimental and Rietveld refinement calculated diffraction patterns are compared in Figure 3 . Both powders from single crystal LN-sc and LT-sc (<5 μm) consist solely of crystalline LN and LT, respectively, with a mean crystallite size of about 300 nm. The according diffraction patterns show sharp and intense reflections, whereas for all samples from solution routes, much broader reflections occur in the patterns, pointing to much smaller sizes of crystallites. For the mean crystallite size of solution prepared powders values below 100 nm are obtained from Rietveld refinement. Both powders LN-1 and LT-1 from Nb 2 O 5 and Ta 2 O 5 precursor based solutions exhibit a comparatively high fraction of about 15 wt % of Nb-rich and Ta-rich impurity phases, respectively. The powder gained from NbCl 5 precursor based solution LN-2 is phase pure LN with a mean crystallite size of about 70 nm. In the analogously prepared powder LT-2 (precursor TaCl 5 ), beside the target phase LT a large fraction of α-Al 2 O 3 (42.5 wt %) was detected. This can be attributed to abrasion of the corundum ball during the ball milling process. A similar effect was recently observed by Wilkening et al., which used an alumina shaker mill for high-energy ball milling of commercial LT powder. 60 It is assumable that this effect can be diminished by choosing a higher powder to ball weight ratio and smaller vibration amplitudes, but for reasons of comparability of preparation conditions, we decided not to vary these parameters in our experiments. In the powder LN-3, beside the target phase LN a small fraction of LiNb 3 O 8 (1.5 wt %) was identified.
Antimicrobial Activity of Thermally Excited LN and LT Powders. To test a potential antimicrobial activity of pyroelectric crystallites, E. coli, a common bacteria of humans often causing sepsis, was chosen. Bacterial cells of untreated samples of a 30 h culture showed an almost exclusive green fluorescence, documenting that the majority of bacterial cells is alive (Figure 4a) . However, the portion of red fluorescent cells, indicating dead cells, increase strongly after 2 h of thermal cycling in the presence of LT-sc (5−10 μm) and more pronounced already after 1 h treatment with LT-sc (<5 μm) as active pyroelectric crystallites (Figure 4b,c) . Quantification of the lethality rate in dependency on the crystallite type and size revealed the strong impact of the particle size used ( Figure  5−7) . While particles of either LN or LT larger than 10 μm possessed no effect on cell vitality, the lethality increased dramatically with decreasing the particle size smaller than 5 μm. This indicates that the antibacterial effect strongly depends on the nominal particle size, i.e. a high surface area of fine powders. Comparing the portion of dead cells after treatment for 1 h with <5 μm particles of either LN or LT revealed a slightly better disinfective strength for LT (above 95% dead cells) than for LN (∼80% dead cells). Replacement of culture media by Tris/HCl buffer pH 7.7 did not significantly influence the disinfection rate (Figures 5 and 6 ).
All powders from solution routes are characterized by a high antimicrobial activity against E. coli, too (Figure 7) . Nevertheless, in Figure 7 we only display values measured with powders LN-1, LT-1, and LT-2. The antimicrobial activity of the powder LT-2 is less severe compared to the other two samples. This can be attributed to the high fraction (42.5 wt %) of (pyroelectrocatalytic inactive) α-Al 2 O 3 in this sample. The powders LN-2 and LN-3 also yielded a high rate of disinfection, but already after 1.5 h the pH in these samples reached values of nearly 10 despite buffering. In this case, a strong antimicrobial effect from solution pH on E. coli cannot be excluded (see also Discussion).
ROS-Induced Oxidation of DCFH Facilitated by Thermally Excited LN and LT Powders. The formation of ROS in water by pyroelectric powder materials subjected to thermal excitation was indirectly measured using the redoxsensitive indicator DCFH, which is converted to a fluorescent dye upon oxidation by ROS (Figure 8) . 57, 58 Control samples without crystals are devoid of fluorescence. In contrast, pyroelectric particles are capable of inducing fluorescence to a different extent when thermically activated. In line with the results of the bacterial viability test, we find a dependency of the fluorescence intensity of DCF on the particle size of the pyroelectric single crystal powder. Particles of either LN or LT smaller than 5 μm possess the highest activity, possibly by providing a large surface area for reaction. Unexpected, samples of LN-sc (5−10 μm) are less active than samples with the largest particle size. This can possibly be attributed to the presence of a high fraction of agglomerates composed of smaller particles, which might have also been retained by the 10 μm sieve (see also Discussion). Surprisingly The Journal of Physical Chemistry C . 61 Therefore, excitation of pyroelectric crystals by temperature alterations has been carried out in the physiological range between 20 and 45°C. It has been shown that an antibacterial effect of the pyroelectric crystal powder is realized only upon temperature variation. Parallel experiments with analogous samples kept at constant temperature revealed only marginal disinfection effects. It should be noted that minimal temperature changes (±0.5°C) during the experimental period due to the device specific accuracy of temperature regulation cannot be obviated. Furthermore, against this background a possible antimicrobial effect due to Li + ion leaching seems to be implausible. Since the leaching rate of Li + ions is expected not to vary significantly with the slight temperature rise of 25 K, it cannot account for the large difference in disinfection rate of thermally excited powder samples and reference powder samples without thermal excitation.
In the literature some reports on the influence of pyroelectric particles on properties of aqueous solutions, such as pH value, can be found. 62, 63 pH shifts toward alkaline range are described, but the underlying mechanisms are not really understood. In our experiments, similar pH shifts were observed. For this reason the pH influence on E. coli culture vitality has to be taken into account as well. In its natural habitat E. coli is exposed to different pH conditions with strong fluctuations. It grows over a wide range of pH values (pH 4.4−9.2), and its own metabolism shifts the external pH toward either extreme, depending on available nutrients and electron acceptors. 64 In spite of this wide range of tolerance, in our experiments cell death in consequence of pH was excluded by analyzing samples Figure 5 . Antibacterial activity of LN powder of different particle sizes from single crystal (see Table 1 ) against E. coli. Samples with culture medium (continuous lines) and Tris/HCl pH 7.7 buffer (dotted lines) are compared. As reference, a sample with E. coli in culture medium but without LN powder was subjected to cyclic thermal excitation and shaking. Error bars are estimated according to the standard deviation and for reasons of clarity given for one representative data series only. Figure 6 . Antibacterial activity of LT powders of different particle sizes from single crystal (see also Table 1 ) against E. coli. Samples with culture medium (continuous lines) and Tris/HCl pH 7.7 buffer (dotted lines) are compared. As reference 1 a sample with E. coli in culture medium but without LT powder was subjected to cyclic thermal excitation and shaking. Reference 2 represents an E. coli culture sample with LT-sc (<5 μm) powder but without thermal excitation. Error bars are estimated according to the standard deviation and for reasons of clarity given for one representative data series only. Table 1 for comparison) against E. coli. To all samples with powders from solution routes (dotted lines) a Tris/HCl pH 7.7 buffer was added. As reference a sample with E. coli also buffered in Tris but without LN or LT powder was subjected to cyclic thermal excitation and shaking. Error bars are estimated according to the standard deviation and for reasons of clarity given for one representative data series only. Table 1 for comparison) were thermally treated. As reference, a dye solution without powder was subjected to cyclic thermal excitation. Error bars represent the relative standard deviations as estimated from a series of 10 identical samples LN-sc (<5 μm) and three measurements each.
The Journal of Physical Chemistry C in both culture medium and Tris/HCl buffer pH 7.7 for pH stabilization. No obvious differences were observed for powders prepared from single crystals in the corresponding disinfection experiments in buffered and unbuffered samples. Samples from solution route prepared particles had strong effects on the pH of the medium. Hence, all samples were buffered to maintain the pH below 9.5 and exclude the influence of extreme pH on the mortality rate. However, even in the presence of buffer, the pH of solutions with powders LN-2 and LN-3 rose to nearly pH 10. In this case, a strong antimicrobial effect from solution pH on E. coli cannot be excluded.
Influence of Powder Morphology and Phase Content on Antibacterial Activity against E. coli and Oxidation of DCFH. After ruling out an antibacterial effect solely due to pH change or temperature, a comparison of the particle activity regarding their morphological and structural properties was performed. An antibacterial effect due to the mechanical impact of the powder particles appears to be unlikely, since some of the pyroelectric powders do not significantly influence the E. coli vitality [see Figures 5 and 6 , LN-sc (10−15 μm) and LT-sc (10−15 μm)]. Strikingly, our data on the mortality of E. coli and the fluorescence induction of DCFH document that, with smaller particle size and respectively larger surface area of powders from single crystals, both the antibacterial activity and rate of DCFH oxidation increase. The relative sizes of molecular or biological targets and the different LN and LT powder materials may also have some impact. The E. coli bacterium has a rodlike shape with dimensions of about 1 μm × 3 μm, whereas the size of a DCF molecule is approximately 1 nm. Thus, beside an increase in (pyroelectrocatalytically active) surface area, also the similar dimensions of crystal particles or agglomerates and E. coli bacteria might positively effect the antibacterial activity of the pyroelectric powder with smaller nominal particle size. 65 Since both powder materials are equally prepared and characterized by similar morphologies, there is no significant difference between LN and LT materials of the same nominal particle size. Nevertheless, the slightly higher antibacterial activity of LT-sc powders (see Figures 5 and 6 for comparison) might either be attributed to the slightly higher pyroelectric coefficient or to the qualitatively higher fraction of small-sized particles present in the powder LT-sc compared to LN-sc (see SEM images in Figure 2a,b) . However, SEM is only a local probe; i.e. it may not represent the particle size distribution of the entire fraction, especially since the mean crystallite sizes according to XRD (being an integral probe; see Table 2 ) are almost equal for both powders LT-sc and LN-sc (<5 μm). In the DCFH oxidation experiments (Figure 8 ) within the series of powders from single crystals the sample LN-sc (5−10 μm) is out of place. As discussed before, a possible explanation for this can be that a high fraction of particle agglomerates individually smaller than 10 μm might have been retained by the 10 μm sieve.
Compared to powder material from single crystals, thermal excitation of powders from solution routes resulted in both a higher rate of DCFH oxidation and a higher antibacterial activity; i.e., already after the first two thermal cycles 100% (with respect to detection accuracy) of bacteria were killed. Only the less severe antimicrobial activity of the powder LT-2 is an exception, but as discussed before, this can be attributed to the high fraction of (pyroelectrocatalytically inactive) α-Al 2 O 3 present in this sample. All powders from solution routes, characterized by small crystallite and particle sizes (as well as a certain degree of porosity), are expected to yield a much larger surface area per weighted sample than powders from single crystals. In the disinfection experiments (Figures 5−7 ) the difference between powders from solution routes and powders from single crystals (<5 μm), especially LT-sc (<5 μm), is less pronounced than in the DCFH oxidation experiments ( Figure  8 ). This is partly due to the experimental parameters chosen for disinfection; i.e., for a better differentiation shorter cycle durations and even smaller temperature intervals should be applied. It is expected that with powders from solution routes a strong antibacterial effect (100% of bacteria killed) is obtained already after a few minutes. Within the series of powders from solution routes the rate of DCFH oxidation is the smallest for the powders prepared from Nb 2 O 5 or Ta 2 O 5 precursors. The large difference cannot be solely attributed to their high fraction of impurity phase(s) but rather to their tendency to form large and relatively dense agglomerates, lowering the surface area (see Figure 2c) . In aggregated systems also a compensation of surface charge due to contact of oppositely poled particle surfaces may account for lowering the rate of DCFH oxidation.
Proposed Mechanism of Pyroelectrocatalytic Disinfection and DCFH Oxidation. From the above discussion, further relying on theoretical considerations of an immediate screening of electrostatic fields by ionic species especially in aqueous conditions, a mechanism of pyroelectrocatalytic disinfection based on the impact of long-range electrostatic fields can be ruled out. 66 The increase in antibacterial activity and rate of DCFH oxidation with decreasing particle size clearly points to a mechanism where an intimate contact between pyroelectrocatalytically active powder and target molecule or bacterium is provided. For the mechanism of E. coli disinfection, beside well-known ROS-induced disruption or damaging of various cell functions or structures, also a dielectric permeabilization of the cell membrane can be responsible for cell death. The latter mechanism presupposes that the pyroelectric particle and bacterium are in intimate contact and the electrostatic field perforates the cell membrane, causing cell death. 15 For DCFH oxidation the situation is more explicit. Since the conversion of the indicator dye is facilitated by the oxidative action of ROS, a mechanism including the generation of surface adsorbed ROS has to be assumed. This mechanism does not conflict with the findings of Blaźquez-Castro et al., which ruled out that ROS are responsible for cell death during their experiments. 15 Unfortunately, they conducted the ROS experiment only with a single crystal sample and not with the microcrystalline powder. Furthermore, their single crystal was an X-cut plate, thus exposing only a small fraction of polar compensated Z-cut side faces, which we mainly account for ROS formation in pyroelectrocatalytic disinfection. However, since the mechanisms of excitation are dissimilar, also the mechanisms of disinfection might be different. A major difference is, for example, that with the bulk photovoltaic effect intrinsic charge carriers from the crystal interior accumulate at the surface, whereas during the pyroelectrocatalytic effect the potential develops due to uncompensated extrinsic screening charge carriers located at the outer surface, respectively inner Helmholtz plane. In the latter case, charge transfer to adsorbed molecular species from the electrolyte might be facilitated.
In the following, a quantitative estimate of the charge generated at the surface of a pyroelectric crystal should be given, before the microscopic mechanism of the pyroelectrocatalytic effect is discussed. Neglecting compensation, a temperature change of ΔT = 10 K results in a charge density at −12 mol. A complete extrinsic compensation of this charge quantity would already be achieved by charge transfer to less than 1 / 10 of a monolayer of surface adsorbed molecules. 27 Thus with macroscopic single crystals no significant electrochemical amount of substance conversion can be realized. However, increasing the surface area by milling the same single crystal to a powder with nanometer-sized crystals of cylindrical shape (50 nm diameter and 50 nm thickness) results in a surface charge of 15 C (one side). This corresponds to an amount of substance of 0.1 mol, which in liquid phase is equivalent to an electrochemical volume conversion in the milliliter range.
Considering a pyroelectric crystal in thermodynamic equilibrium with a surrounding electrolyte, the bound polarization charges are completely screened by compensation charge carriers (Figure 9a ). Charge compensation is accompanied by a surface layer with corresponding electronic surface states. In the case of good insulators, such as LN and LT, this layer is mainly composed of surface chemisorbed, extrinsic chemical species, such as OH − and the like. 66 In consequence of a pyroelectric excitation by means of temperature variation, the equilibrium is disturbed and a net surface charge develops (Figure 9b ). These charges are located in electronic surface states. Surface-bound radical species similar to that generated by trapping of photoexited charge carriers during photocatalysis are likely to develop. 4 In the following the system strives to reduce the surface potential. This can be realized by charge transfer between chemisorbed surface species with adsorbed molecules from the surrounding electrolyte. A prerequisite for such a charge transfer is that the surface potential exceeds the standard redox potential of the redox couple involved. Otherwise, the chemical driving force (Gibbs' free energy) is below the threshold energy for the electrochemical reaction. 14 From an electronic point of view, charge transfer results in filling up or emptying electronic surface states occupied by screening charge carriers. A competing process to charge transfer is the adsorption of ionic species from the electrolyte, lowering the pyroelectrocatalytic efficiency of a material (see Figure 9b ,d). 62 
■ CONCLUSIONS
We have reported on the disinfection properties of pyroelectric LN and LT powder materials under cyclical thermal excitation. Powders were prepared both by milling of commercially available single crystals and by precursor-based solution routes, with the latter yielding smaller crystallite and particle sizes, as observed by means of XRD and SEM. Results of E. coli disinfection show that, depending on the crystallite size and surface area of the pyroelectric particulate material in direct contact with the cells or their culture solution, a high antimicrobial activity can be achieved. It has been discussed that under the experimental conditions chosen an antimicrobial effect due to temperature and solution pH should be marginal, thus pointing to a pyroelectrocatalytic activity of the pyroelectric powder material when thermally excited. Further experimental results concerning the oxidative conversion of nonfluorescent DCFH to the fluorescent DCF suggest that the generation of ROS at the pyroelectric particle surface may account for the antimicrobial activity. Since the underlying phenomenon, briefly termed as the pyroelectrocatalytic effect, can be regarded as a conversion of thermal via electrical to chemical energy (and especially the formation of ROS), it should offer a huge potential not only in disinfection technology but also for degradation of organic matter or catalytic conversion for energy and environment application.
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The authors declare no competing financial interest. Figure 9 . Scheme of a pyroelectrocatalytic cycle, i.e., thermal excitation of a pyroelectric crystal in aqueous conditions and subsequent surface reaction. In panels a and c the equilibrium situation at different temperatures is depicted, whereas panels b and d illustrate the situation of a surface potential development due to a transient imbalance between polarization (red circles) and screening charges (blue circles). If the surface potential in panels b and d exceeds the oxidation potentials (in b the oxidation potentials for hydroxyl radical 67 and hydroperoxide radical formation 68 are given as example), surface-adsorbed molecular species can undergo redox reactions, resulting in formation of ROS. A competing mechanism of charge compensation is the adsorption of ionic species from the electrolyte (black circles). 
